A thermodynamic model for calculating sulphur distribution ratio between CaO-SiO 2 -MgO-Al 2 O 3 ironmaking slags and carbon saturated hot metal has been developed by using a thermodynamic model for calculating mass action concentrations of structural units or ion couples of ironmaking slags based on the ion and molecule coexistence theory.
Introduction
The sulphur distribution ratio between slags and hot metal is a common parameter to describe desulphurization ability [1] [2] [3] during blast furnace (BF) ironmaking process. Although BF ironmaking process has a strong desulphurization ability, and various hot metal pretreatment processes such as desulphurization, dephosphorization and desiliconization of hot metal have been developed [4] [5] [6] in the past three decades, all these hot metal pretreatment technologies have waken the urgency of intensifying desulphurization during BF ironmaking process. However, production of super clean steels needs hot metal with ultra low sulphur content. Therefore, improving desulphurization ability in BF hearth is also one of research hot spots for BF ironmaking process.
Keeping ideal fluidity of BF slags, especially slags with high Al 2 O 3 content, in BF hearth is very important to maintain high desulphurization ability of BF slags, BF smooth operation as well as good separation between slag and hot metal during BF tapping [7] [8] [9] because largely utilizing the imported iron ore fines in the past decade has lead to improving Al 2 O 3 content from 10-13 % to 14-18 % 10,11) in BF slags compared with that using total Chinese domestic iron ore fines. Therefore, it is necessary to predict desulphurization ability of the optimized BF slags from the viewpoint of maintaining good fluidity for BF slags with high Al 2 O 3 content.
Based on the measured desulphurization results between carbon saturated hot metal and CaO-SiO 2 -MgO-Al 2 O 3 quaternary ironmaking slags with high Al 2 O 3 content, a thermodynamic model for calculating sulphur distribution ratio between CaO-SiO 2 -MgO-Al 2 O 3 slags and carbon saturated hot metal has been developed through a newly established thermodynamic model for calculating mass action concentrations of structural units in CaO-SiO 2 -MgOAl 2 O 3 slags based on the ion and molecule coexistence theory. [12] [13] [14] [15] The developed thermodynamic model for calculating sulphur distribution ratio between CaO-SiO 2 -MgOAl 2 O 3 slags and carbon saturated hot metal can not only calculate the total sulphur distribution ratio of CaOSiO 2 -MgO-Al 2 O 3 slags equilibrated with carbon saturated hot metal, but also determine the respective sulphur distribution ratio of components with desulphurization ability, such as CaO and MgO; meanwhile, the respective contribution of CaO and MgO on the total sulphur distribution ratio between CaO-SiO 2 -MgO-Al 2 O 3 slags and carbon saturated hot metal can also be computed. The measured and calculated sulphur distribution ratio between CaO-SiO 2 -MgO-Al 2 O 3 slags and carbon saturated hot metal have been compared to provide a prediction method of sulfur distribution ratio for ironmaking slags equilibrated with carbon saturated hot metal. The ultimate aim of this study is to de- 
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Model for Calculating Mass Action Concentrations of Structural Units or Ion Couples in CaO-SiO 2 -MgO-Al 2 O 3 Slags 2.1. Hypothesis
According to the fact that there are ions and molecules in molten metallurgical slags simultaneously, the main assumptions in the developed thermodynamic model for calculating mass action concentrations of structural units or ion couples in CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with carbon saturated hot metal can be proposed based on the ion and molecule coexistence theory [12] [13] [14] [15] as follows. (1 The defined [12] [13] [14] [15] equilibrium mole numbers n i of all above mentioned structural units in CaO-SiO 2 -MgOAl 2 O 3 slags equilibrated with hot metal at metallurgical temperature have also been given out one by one in Table 1 . According to the ion and molecule coexistence theory, [12] [13] [14] [15] each ion couple is electroneutral and can be electrolyzed into cation and anion based on electrovalence balance principle. Hence, the equilibrium mole number of each ion couple is defined [12] [13] [14] [15] as the sum of equilibrium mole number of the separated cation and anion. (2) With respect to the definition of mass action concentrations [12] [13] [14] [15] for structural units, which is a ratio of equilibrium mole number of structural units i to the total equilibrium mole number of all structural units in a close system with a fixed amount, the mass action concentration of structural units i in molten slags N i can be calculated as follows Each simple and complex molecule can provide only one structural unit under equilibrium condition, hence, the definitions [12] [13] [14] [15] of mass action concentration for simple and complex molecules in CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with hot metal sulphur from Eq. (3) are listed in Table 1 ; meanwhile, the mass action concentrations of ion couples, such as (Ca ) defined by Eq. (4), [12] [13] [14] [15] are also represented in Table 1 [12] [13] [14] [15] of equilibrium mole numbers n i and mass action concentrations N i of all structural units listed in Table 1 and Table 2 
The following five formulas can be obtained by combining Eqs. (5a)-Eq. (5f) to eliminate ∑n i , as It should be specially pointed out that mass action concentrations of all ion couples, simple and complex molecules in CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with hot metal can be calculated from the developed thermodynamic model based on the ion and molecule coexistence theory. [12] [13] [14] [15] ). From absolute viewpoint of the ion and molecule coexistence theory, [12] [13] [14] [15] there is no mass action concentration of CaO as an independent structural unit because no independent CaO molecule can exist in CaO-SiO 2 -MgO-Al 2 O 3 slags at metallurgical temperature. Applying the expression of mass action concentration for ion couple (Ca 2ϩ ϩO 2Ϫ ), i.e., free CaO, as N CaO in this paper is just for convenience to represent the reaction ability of free CaO in the slags, like measured CaO activity. Table 3 . The chemical pure reagents of CaO, SiO 2 , MgO and Al 2 O 3 were applied to prepare the synthetic sulphur free CaOSiO 2 -MgO-Al 2 O 3 quaternary slags. All applied chemical pure reagent were heated in an oven at 1 073 K to dry at least 3 h. The dropping desulphurization experiments were carried out using double-layer graphite crucibles as shown in Fig. 1 at 1 773 K. The upper graphite crucible with three small holes at bottom was designed to load carbon saturated hot metal ingot, the lower graphite crucible was assigned to put the synthetic slags. The desulphurization reaction time was set as 90 min because dropping process of hot metal at dropping zone in BF was about 90 min. During the desulphurization test, a three-hole graphite crucible with 30.0 g of mixed reagents in each separate crucible was firstly put into an elevated heating furnace at 1 773 K under protection of high purity Ar gas to melt slags at least 30 min; then, a upper graphite crucible containing 100.0 g prepared hot metal ingot in each separate crucible with a small hole at bottom was put into the furnace on the lower graphite crucible; after that, the melted hot metal will drop into lower separate crucibles, mix and start desulphurization reaction with melted slags.
Results of Desulphurization Tests and
After 90 min desulphurization reation, the upper and lower graphite crucibles were taken out of the heating furnace immediately and put the lower graphite crucible into a water cooled copper box with cover to quench. The samples of hot metal and slags in each separate crucible were taken to analyze sulfur content. The analyzed sulfur content in hot metal and slags are also summarized in ) can be represented as 2n CaO and 2n MgO , respectively. The calculated n SiO 2 and 2n MgO has obvious relation with (%SiO 2 ) and (%MgO) as shown in Fig. 2(b) and Fig. 2(c) , respectively; however, a very scattered relation between 2n CaO and (%CaO), n Al 2 O 3 and (%Al 2 O 3 ) can be observed in Fig. 2(a) and Fig. 2(d Table 1 and Table 2 .
The relationship between calculated equilibrium mole number n i and mass action concentration N i for 22 structural units or ion couples exception ion couple (Mg 2ϩ ϩ S 2Ϫ ), such as 3 ion couples, 2 simple molecules and 17 complex molecules in CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with carbon saturated hot metal at 1 773 K is illustrated in Fig. 3 , respectively. Obviously, linear relation between n i and N i for 22 structural units or ion couples in CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with carbon saturated hot metal at 1 773 K can be obtained. This implies that the calculated equilibrium mole number of structural units, but not mass percent of components, can be applied to represent real concentration in CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with carbon saturated hot metal at 1 773 K. Although a small amount of SiO 2 or MgO is also bonded as complex molecules as listed in Table 1 and Table  2 , the bonded amount of SiO 2 or MgO is less than that of CaO or Al 2 O 3 as shown in Fig. 3 .
These results can be further confirmed from Fig. 4 16) The calculated f S and f O in carbon saturated hot metal with various [S] contents at each test runs is summarized in Table 3 , respectively. The total sulphur distribution ratio of (Ca 
[%S] The calculated sulphur distribution ratio L S,calculated is compared with the tested sulphur distribution ratio L S,tested for CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with carbon saturated hot metal at 1 773 K in Fig. 5 . Surely, L S,calculated has a relative reliability with L S,tested . When L S,tested is larger than 60, the experimental errors, especially analysis errors of sulphur content in slags and hot metal, can make L S,tested greater than L S,calculated although L S,calculated is considered as the theoretical maximum sulphur distribution ratio.
The influence of mole number for CaO and MgO as components and calculated mass action concentration for (Ca ) as ion couples on L S,tested of CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with hot metal at 1 773 K can be also predicted as shown in Fig. 8 . It can be observed that the average L S,MgO,tested only has a 3% contribution to L S,tested , while L S,CaO,tested has a 97% contribution to L S,tested for CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with carbon saturated hot metal at 1 773 K. bon saturated hot metal has been developed based on calculated mass action concentrations of structural units or ion couples from the ion and molecule coexistence theory. The main summary remarks can be obtained as follows (1) The calculated mass action concentrations of structural units or ion couples in CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with carbon saturated hot metal at 1 773 K show that calculated equilibrium mole number or mass action concentration of structural units or ion couples can represent their reaction ability, rather than mass percent or mole number of components.
Conclusions
(2) The total sulphur distribution ratio between CaOSiO 2 -MgO-Al 2 O 3 slags and carbon saturated hot metal at 1 773 K can be calculated by the developed thermodynamic model for calculating sulphur distribution ratio with relative reliability.
(3) The developed thermodynamic model for calculating sulphur distribution ratio between CaO-SiO 2 -MgOAl 2 O 3 slags and carbon saturated hot metal can quantitatively calculate the respective contribution of free CaO and MgO, respectively.
(4) There is a huge difference of desulphurization ability between free CaO and MgO in CaO-SiO 2 -MgO-Al 2 O 3 slags. Free CaO can account for 97 % desulphurization potential comparing with free MgO as about 3 % in CaO-SiO 2 -MgO-Al 2 O 3 slags equilibrated with carbon saturated hot metal at 1 773 K.
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